Branched-chain amino acids increase the brain perfusion of patients with hepatic encephalopathy (HE), but the amino acid and the mechanisms involved are still unknown.
Introduction
Hepatic encephalopathy (HE) has a harmful impact on chronic and acute liver illnesses and affects more than one third of patients with liver cirrhosis. After overt episodes, the one-year mortality of these patients varies from 42 to 64%, which is even worse than the values attributed to other complications (Bustamante et al., 1999; Jepsen et al., 2010; Stewart et al., 2007) . Hyperammonemia is the chief disturbance in HE physiopathology, when the conversion of ammonia to glutamine (GLN) is fully activated in extrahepatic tissues, thus increasing the influx of intracellular water into astrocytes due to GLN osmoregulation (Brusilow et al., 2010) . Furthermore, the high permeability of the blood-brain barrier facilitates the influx of ammonia to the brain under inflammatory conditions (Alonso et al., 2014) . For practical purposes, in this article the word ammonia is used to represent ammonia free base (NH3) plus ammonium (NH4+). HE treatment is based on controlling the trigger factors and managing ammonia production and absorption from the gut, by using disaccharides or antibiotics. Since many patients do not achieve sufficient improvement, branched-chain amino acids (BCAA) and drugs aiming to increase ammonia conversion to urea are often added as adjuvant therapies.
Among all these options, BCAA (leucine, isoleucine and valine) have the least understood mechanism of action. The efficacy of these substances in HE treatment is A C C E P T E D M A N U S C R I P T 4 well established from systematic reviews and meta-analyses (Gluud et al., 2015) . Even so, the amount of BCAA and the proportion of each amino acid that patients should receive is still a matter of controversy, because all clinical trials until now used them together, making it impossible to analyze the influence of each one on HE manifestations. Of note, BCAA are not only linked to HE improvement but also to increased cerebral perfusion (Iwasa et al., 2003) .
The key disturbance in aminoacidemia related to HE is ammonia accumulation, which is present in more than 80% of patients according to the diagnostic methods adopted (Al Sibae and McGuire, 2009 ). The main ammonia source in cirrhotic patients is the intestinal catabolism of GLN from the blood, in addition to a lesser content produced by intestinal bacteria (Olde Damink et al., 2002; Weber and Veach, 1979) . In normal adults, the daily amount produced is approximately 1000 mmol (Walker, 2014) . When the conversion of ammonia to urea is insufficient, hyperammonemia increases GLN production in skeletal muscles and the brain (Lockwood et al., 1979) . Since most patients with cirrhosis present moderate to severe malnutrition and loss of muscle mass, the high levels of circulating ammonia will increase glutamine production in the brain, thereby worsening HE manifestations (Merli et al., 2013; Romeiro and Augusti, 2015) .
The chief extrahepatic detoxifying process in mammals is the activity of glutamine synthetase (Cooper, 2012) , which begins with the conversion of glutamate (GLU) and ammonia into GLN (Eq. 1). This reaction requires GLU provided from BCAA catabolism in skeletal muscles, where BCAA and α-ketoglutarate (α-KG) can be converted to GLU and branched-chain ketoacids (Eq. 2) (Holecek, 2015) .
Hyperammonemia decreases extracellular BCAA and increases the release of branchedchain ketoacids from the muscle (Holecek et al., 2011) . The reversible nature of these reactions makes the concentrations of substrates and products the main regulators of these processes (Holecek et al., 2011) . Consequently, the patients would have high levels of ammonia, GLN and branched-chain ketoacids, but lower levels of BCAA in the extracellular fluid.
BCAA deficiency has a large impact on the tricarboxylic acid (TCA) cycle, because leucine and valine are involved in the generation of Acetyl-CoA and Succinyl-CoA, respectively, whereas isoleucine is the only amino acid that generates both of these products ( Figure 1 ). Therefore, the BCAA deficiency can lead to an impaired TCA cycle.
The effects of BCAA in the context of HE have been extensively studied (Bak et al., 2013; Holecek, 2015; Les et al., 2011; Yamamoto et al., 2005) . Nevertheless, there is no standardization as to BCAA doses. In general, leucine, isoleucine and valine are administered together and in different proportions (Les et al., 2011; Marchesini et al., 2003) . As a result, the appropriate amount of each amino acid to be prescribed is still unknown, but leucine and isoleucine are important to the oxidative metabolism of astrocytes (Bak et al., 2013; Johansen et al., 2007; Murin et al., 2009; Nissen et al., 2015) .
The present study hypothesizes that the long-term effects of isoleucine leads to a higher increase in cerebral perfusion than that obtained by leucine, thus promoting different degrees of recovery from HE according to the amino acid received by the subjects.
Hence, the study was focused on brain areas that are known for being more affected by hypoperfusion, such as the basal ganglia (Bizzi et al., 1996; Kumar et al., 1991; Sims and Pulsinelli, 1987) , as well as regions where altered perfusion was already reported in HE and/or acquired hepatocerebral degeneration, such as the hippocampus, prefrontal cortex, medial temporal cortex, anterior cingulate cortex and parietooccipital regions (Lockwood et al., 1993; O'Carroll et al., 1991; Sunil et al., 2012; Ueki et al., 2002; Zafiris et al., 2004) . Perfusion alterations in some of these regions were already associated with HE symptoms in prior studies, while some areas were reported as having dissimilar blood flow responses after BCAA administration (Catafau et al., 2000; Iwasa et al., 2003; Lockwood et al., 1993; O'Carroll et al., 1991; Ueki et al., 2002) . Therefore, the primary aim of this study was to evaluate the effects of leucine and isoleucine supplementation on cerebral perfusion in patients with persistent HE.
Secondary aims were to assess HE grade, body composition measurements and quality of life. The assessments were performed at 1, 8 and 12 months of treatment, and the serum amino acid levels were measured before and after the trial. Grades I and II were categorized according to the current Guidelines (Vilstrup et al., 2014a, b) , thus classifying each neurological finding into a specific form. Since only outpatients were recruited, those with HE Grades III and IV were not included.
Sample size calculation and randomization plan
In a similar study, the brain perfusion standard deviation in the parietal lobe was 14% and increased by 20% after BCAA administration (Iwasa et al., 2003) . Considering these same values, with respective alpha and beta errors of 0.05 and 0.2, the sample size required to find significant differences between the groups would be 16 subjects.
The subjects were randomized to participate in one of two groups. Additional After starting the supplementation, the suggested schedule was to take 3 packets daily mixed in 200 mL of juice or dairy drinks ingested during breakfast, lunch and an evening snack for 12 months. BCAA doses of 30g were previously given daily to HE patients by Les et al. (2011) . Each subject was reevaluated every other month, when the adherence to treatment and the remaining packets were checked. Monthly phone calls were made to assure that the subjects were taking the supplement according to the trial schedule.
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Before the amino-acid supplementation, the subjects were submitted to clinical exams, anthropometric assessment, handgrip strength measures, brain SPECT, dynamic brain scintigraphy, electroencephalogram and lab tests. The clinical exam was focused on grading HE and ascites. Laboratory exams included venous ammonia and the tests needed to calculate both the Model of End Stage Liver Disease score and the Child-Pugh classification.
Electroencephalogram
Electroencephalogram exams were used to diagnose minimal hepatic encephalopathy.
Acquisition information is included as Supplementary Material.
Single Photon Emission Computed Tomography (SPECT)
The subject was kept in a supine position and free from audiovisual stimuli for at least 20 min before performing the brain SPECT acquisitions. Caffeine, alcohol and stimulants were not allowed starting on the day before the exam. Each patient received 1110 MBq (30 mCi) of 99mTc-bicisate ethyl cysteinate dimer through a peripheral vein one hour before the acquisition. A dual-headed gamma camera (Millennium MG system, General Electric, UK) was employed to acquire the images.
The photopeak was centered at 140 keV with 20% energy using low-energy and highresolution collimators. The acquisition was made in a 128 x 128 matrix with voxel sizes of 2.26 x 2.26 x 2.26 mm 3 , thus resulting in a resolution of 0.44 pixels/mm over 360º rotation performing 65 frames of 25 seconds each. A fifth-order Butterworth high-pass
filter with cutoff frequency of 0.5 cycles/min was applied to perform the filtered backprojection reconstruction (Morano and Seibyl, 2003; Sunil et al., 2012) . A
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10 specialist who was unaware of the supplement given performed the SPECT analysis (details included as Supplementary Material).
Dynamic brain scintigraphy
Dynamic brain scintigraphy was also acquired with the patients in a supine position.
Immediately before the acquisition, the subjects received 1110 MBq (30 mCi Brain perfusion was assessed via the software SPM 12. The paired t test was used to compare acquisitions at 1, 8 and 12 months of treatment with those before the supplementation. The anatomic visualization of the brain perfusion results from all patients of each group was obtained by a t statistic image, which was constructed and projected onto a standard high-resolution T1-weighted Magnetic Resonance Image (Song et al., 2014) . The statistical significance level was defined as p < 0.05 for all the assays. For the SPECT comparisons throughout time, the p value was corrected using the false discovery rate (FDR), and some additional analyses were performed with p < 0.001.
Results
The subjects' initial characteristics did not differ between the groups. The number of and isoleucine groups were 8.00 (6.00 -10.0) and 12.0 (8.50 -15.5) in the former and 7.0 (6.5 -8.5) and 11.0 (9.5 -12.5) in the latter group, respectively (p= 0.218 and 0.535). The HE grade was 1 (0 -1) in both groups (p= 0.909). Seven subjects in the leucine group and nine in the isoleucine group had minimal HE. Four subjects in the leucine group and six in the isoleucine group presented Grade I HE. One subject in the isoleucine group had Grade II HE.
In the SPECT analysis, there were no differences in cerebral perfusion after 1 month of treatment; the results obtained at 8 and 12 months of treatment were not significantly different from the baseline for patients receiving leucine supplements (data not shown).
In contrast, a significant increase in cerebral perfusion was registered in the isoleucine group at 8 months of supplementation (p<0.001) ( Figure 3A) . This significant effect of isoleucine was also documented at 12 months of treatment.
The difference at this time was less prominent when compared to the previous results,
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A To analyze the brain scintigraphy, the slope of the ascending curves of carotids and brain hemispheres were measured in order to quantify the cerebral blood flow. Again, the results obtained at the first month did not differ from those before the trial, and the results obtained at 8 and 12 months of treatment were not significantly different from the baseline for patients receiving leucine supplements (data not shown). In contrast, a clear enhancement of cerebral blood flow at 8 months of supplementation was observed in the isoleucine group, which was shown by the increase of slope curves of both hemispheres. However, it did not reach the significance level at the 12 th month (Table   1 ).
< Table 1> The clinical evaluation findings at 8 and 12 months are described in Table 2 . There were no significant changes in the Model of End Stage Liver Disease score during the trial.
Reductions in Child-Pugh classification and HE grade did not achieve the significance level in the leucine group. In contrast, both Child-Pugh classification points and HE grade decreased at 8 and 12 months in the isoleucine group. Of note, ammonia levels did not change significantly during the trial.
< Table 2 > Body assessment measures are shown in Table 3 . For most nutritional variables, there were no significant differences between pretreatment values and those measured at the 8 th and 12 th months, whereas triceps skinfold and handgrip strength increased 
Discussion
The results of this trial suggest that hyperammonemia has a large impact on cerebral energy metabolism, in agreement with previous studies presented by Bessman and Bessman (1955) ; Cooper and Plum (1987) ; Lai and Cooper (1986) ; Ott and Vilstrup (2014) . Furthermore, in the sample evaluated, isoleucine was able to reduce HE
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15 manifestations. The data demonstrate an increase of serum leucine levels at 12 months of supplementation in both groups, accompanied by gains in body assessment measures such as triceps skinfold after 8 and 12 months of supplementation.
Ammonia detoxification inside astrocytes causes an important influx of water to these glial cells due to GLN accumulation and the osmotic effect of this amino acid (Cichoz-Lach and Michalak, 2013) . Concurrently, ammonia metabolism in muscle cells seems to be linked to strength loss, which is proportional to HE severity (Augusti et al., 2016; Merli et al., 2013) . Thus, the results of strength restoration, triceps skinfold augmentation and HE grading improvement during isoleucine supplementation are inexplicable without considering a significant effect of BCAA on energy metabolism, thus decreasing cytotoxic brain edema and restoring muscle strength.
Taken together, these findings on muscular and astrocytic metabolism suggest that ammonia toxicity is related to a disruption in the cellular mechanisms involved in energy metabolism, especially in the brain. Glutamate dehydrogenase (GDH) activity depends on the amount of α-KG and energy from NAD/NADP provided by the TCA cycle, whereas glutamine synthetase activity requires ATP. However, excessive ammonia inhibits the α-ketoglutarate dehydrogenase complex (αKGDH) in this cycle (Ott and Vilstrup, 2014) , shifting α-KG to GLN production and decreasing the α-KG oxidation to SuccinylCoA and CO2, thus contributing to curbing aerobic energy production (Lai and Cooper, 1986) 
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Another piece of evidence that energy metabolism is the key to understanding how leucine and isoleucine can decrease HE manifestations is the formation of α-KG, which is produced when isocitrate is oxidized to α-KG and CO2 (Eq. 4 and 5), a step that requires the bonding of a manganese ion to the carbonyl group before the decarboxylation. Thus, αKGDH inhibition by hyperammonemia leads not only to GLN accumulation but also to an interruption in the TCA cycle at α-KG formation (Figure 1) .
Therefore, in advanced liver disease, both the high ammonia levels and the lack of BCAA may act together to impair α-KG production from oxalosuccinate (Eq. 5). In tissues that depend on aerobic processes to obtain energy, such as brain cells, the reduced α-KG formation supposedly decreases the manganese uptake in this process.
Consequently, the remaining manganese may accumulate in regions such as basal nuclei and cortical areas, a common finding in patients with HE and acquired hepatocerebral degeneration.
As shown in Figure 1 , αKGDH inhibition is an additional cause of oxidative metabolism impairment in organs that depend on aerobic processes to obtain energy, such as the brain (Bak et al., 2013; Cooper and Plum, 1987; Lai and Cooper, 1986) , thus impairing ATP generation from the TCA cycle. Despite the fact that GLN accumulation in astrocytes causes cytotoxic edema due to the osmotic effect of GLN (Brusilow et al., 2010; Parekh and Balart, 2015) , it may be insufficient to account for the astrocytic swelling or the manganese deposits in HE, which only could be explained by additional disturbances, such as metabolic impairment and oxidative stress.
Even though brain perfusion control is not fully understood, there are important reports showing that cerebral blood flow (CBF) is regulated by astrocytes according to brain metabolism by controlling vasoconstriction and vasodilation (Belanger et al., 2011; Carmignoto and Gomez-Gonzalo, 2010) . The GLU release by neurons raises intracellular Ca +2 in astrocytes, which activates the production of arachidonic acid and vasodilators such as prostaglandins and epoxyeicosatrienoic acids. On the other hand, arachidonic acid can be converted to 20-hydroxyeicosatetraenoic acid in arteriolar smooth muscle, resulting in vasoconstriction. Therefore, the direction toward vasodilation or vasoconstriction in the brain is mediated by metabolic conditions (Belanger et al., 2011; Carmignoto and Gomez-Gonzalo, 2010) .
The findings obtained in this trial suggest that astrocytic dysfunction is probably the cause of the cerebral perfusion changes observed in HE. In the SPECT analysis, an augmentation of cerebral perfusion was documented after isoleucine supplementation at 8 and 12 months of treatment as shown in Figure 3 . The slope of the ascending curves obtained from brain hemispheres, depicting the CBF rise, constituted additional evidence of blood flow improvement at 8 months of isoleucine supplementation (Table   1 ). Cytotoxic edema recovery seems to constitute a reasonable explanation for the increased perfusion found at 8 and 12 months of treatment in the isoleucine group.
However, the CBF improvement observed was greater at 8 months than at 12 months of treatment ( Figure 3 , Table 1 ).
The imaging technique used in this work was the same employed by Iwasa et al. (2003) , who also reported a CBF improvement in patients with cirrhosis under BCAA A C C E P T E D M A N U S C R I P T 18 supplementation. Nevertheless, given that all BCAA (valine, leucine and isoleucine)
were administered together in this previous study, the role of each one in this effect on cerebral perfusion was difficult to distinguish. In this present trial, long-term isoleucine supplementation has led to significant changes in cerebral perfusion, mainly in the white matter. Involvement of the cingulate gyrus and basal ganglia was observed as well.
These brain areas were previously reported as being associated with HE symptoms, such as cognitive impairment, lack of attention, memory loss and deficits in visualspatial perception (Catafau et al., 2000; Lockwood et al., 1993; O'Carroll et al., 1991) .
The reason that the results from isoleucine supplementation were better than those obtained from leucine can only be understood by analyzing the effects of ammonia on the TCA cycle. Isoleucine and leucine can both be converted to Acetyl-CoA, but isoleucine is also converted to Succinyl-CoA, providing additional carbon to this cycle at the step when αKGDH is inhibited by ammonia (Bak et al., 2013; Holecek, 2010; Nissen et al., 2015; Ott et al., 2005) . Due to this unique property of isoleucine, it can serve as an ideal substrate for maintaining TCA as a source of energy, even in the presence of hyperammonemia, by reestablishing oxaloacetate to form citrate from Acetyl-CoA (Johansen et al., 2007) . Therefore, BCAA supplementation is capable of restoring the oxidative metabolism in neural cells, especially when a larger amount of isoleucine is administered, because it can reduce the disruption in ion transportation through the cell membranes, thus maintaining the osmotic regulation and probably reducing the cytotoxic edema observed in HE.
In addition to its role in TCA cycle maintenance, isoleucine is also involved in ammonia detoxification when α-KGDH is inhibited (Ott et al., 2005) . This additional role of
isoleucine might reduce the GLN concentration in astrocytes, thereby avoiding the cytotoxic edema. The evidence supporting this property of isoleucine is that the subjects who received isoleucine presented elevated serum levels of both isoleucine and leucine.
On the other hand, leucine supplementation led to an increase only in this same aminoacid serum level, probably due to the fact that leucine supplies Acetyl-CoA only for the TCA cycle, which requires isoleucine to provide Succinyl-CoA and keep the cycle running ( Figure 1 ) (Johansen et al., 2007; Ott et al., 2005) .
Both leucine and isoleucine supplementations improved the quality of life related to physical functioning, most likely by restoring energy generation and strength, as shown by the handgrip strength elevation in both groups, indicating that some symptoms were ameliorated. Although the increase in cerebral perfusion was more pronounced at 8 months, the clinical improvement was maintained until the end of the trial and the subjects did not suffer HE deterioration. Therefore, the increase obtained in cerebral perfusion may be a compensatory mechanism induced by isoleucine in the first months, leading to a partial restoration in the metabolic coupling between cerebral regions. The results suggest that this mechanism was activated to a lesser degree when the subjects achieved improvement in their HE manifestations, a hypothesis in line with relevant studies on this issue (Catafau et al., 2000; Zafiris et al., 2004) . Last but not least, four subjects in the leucine group exited the trial because they had experienced nausea and vomiting. The lack of such terminations in the isoleucine group leads to the suspicion that isoleucine preparations may be more palatable than leucine preparations.
In conclusion, the results of this double-blind randomized clinical trial showed that isoleucine supplementation facilitates the achievement of a better impact on brain
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A C C E P T E D M A N U S C R I P T 20 perfusion and HE grade than that obtained by leucine, suggesting that patients with cirrhosis and HE should receive supplements enriched with a higher level of isoleucine than leucine.
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